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Summary. A statistically based Plackett-Burman screening design identified milk
whey and corn steep liquor concentrations as well as ionic strength (based on phos-
phate buffer concentration) as the three main independent components of the culture
medium that significantly (p < 0.05) influenced biomass and poly(3-hydroxybu-
tyrate) (PHB) production in recombinant cells of Escherichia coli. This strain carries
a plasmid encoding phb genes from a natural isolate of Azotobacter sp. Response sur-
face methodology, using a central composite rotatable design, demonstrated that the
optimal concentrations of the three components, defined as those yielding maximal
biomass and PHB production in shaken flasks, were 37.96 gdeproteinated milk whey
powder/l, 29.39 g corn steep liquor/l, and 23.76 g phosphates/l (r2 = 0.957). The
model was validated by culturing the recombinant cells in medium containing these
optimal concentrations, which yielded 9.41 g biomass/l and 6.12 g PHB/l in the cul-
ture broth. Similar amounts of PHB were obtained following batch fermentations in
a bioreactor. These results show that PHB can be produced efficiently by culturing
the recombinant strain in medium containing cheap carbon and nitrogen sources. [Int
Microbiol 2005; 8(4):243-250]
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Introduction
Polyhydroxyalkanoates (PHAs) are a group of polyesters
produced by a large number of bacteria that naturally accu-
mulate them in intracellular granules in response to environ-
mental stress and nutrient imbalance [2,10,16]. These ther-
moplastic polymers have been the subject of great interest
since their discovery due to their total biodegradability and
the potential to produce them from renewable carbon and
nitrogen sources [4,8,11]. Poly(3-hydroxybutyrate) (PHB) is
the most widely studied and best characterized PHA. The
genes responsible for PHB biosynthesis in a soil isolate of
Azotobacter sp. have been cloned and expressed in Esche-
richia coli [14]. A recombinant strain containing a plasmid
that allows expression of these genes was used in the present
study. This strain is able to accumulate PHB using lactose as
substrate.
In spite of the advantages of PHAs compared with petro-
leum-derived plastics, their use is currently limited due to
their high production costs. Thus, optimization of the fer-
mentation medium is included in the strategic analysis of the
viability of this biotechnological process. Optimization of
any bioprocess can be conducted either by changing one fac-
tor at a time or by varying several factors at the same time
and examining their effects and interactions using statistical
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analysis. The statistical design of experiments is an organized
approach that yields more reliable information per experi-
ment than unplanned approaches [7,9,13]. Statistical data
analysis enables visualization of the interactions among sev-
eral experimental variables, leading to the prediction of data
in areas not directly covered by experimentation. To date, this
sequential statistical methodology has been applied to the
screening and optimization of PHB production only for a nat-
ural producer microorganism, Alcaligenes latus, grown in a
synthetic culture medium [6]. 
Milk whey is the major by-product of cheese manufactur-
ing, representing 80–90% of the volume of milk transformed.
It contains approximately 4.5% (w/v) lactose, 0.8% (w/v)
protein, 1% (w/v) salts, and 0.1–0.8% (w/v) lactic acid.
Disposal of milk whey is difficult due to its high biological
oxygen demand (40 g/l) [1]. Although a fraction of this by-
product is used for commercial purposes, such as food ingre-
dients and animal feed, in several countries whey must be
treated as a pollutant and disposed of at considerable cost.
Economic evaluation of the PHB production process has
suggested that the major contributor to the overall cost is the
cost of carbon substrate (up to 50%) [4]. Thus, it is desirable
to produce PHB from cheap carbon sources or even from a
waste product, such as milk whey. Moreover, there is also a
need for low-cost nitrogen sources to reduce PHB production
costs.
The aim of this study was to define both the major com-
ponents of PHB production medium and their optimal con-
centrations for maximal biomass and biopolymer production.
To this end, a new recombinant E. coli strain, and agroindus-
trial by-products as main carbon and nitrogen substrates were
used. In addition, systematic and statistical optimization were
carried out using a Plackett-Burman screening design and
response surface methodology.
Materials and methods
Bacteria, plasmid and growth conditions. The following
Escherichia coli strains were used: CGSC 5040 [F– fadE62 lacI60
tyrT58(AS) fabB5 mel-1(supF58)] (E. coli Genetic Stock Center, New
Haven, CT, USA) and CGSC 5040(pK24). Plasmid pJP24 harbors the
phbBAC synthesis genes [14] cloned into the expression vector pQE3
(Qiagen, Germany). The strains were grown in a minimal basal medium
(MM) containing (in g/l): Na2HPO4 6.0, KH2PO4 3.0, NaCl 0.5,
MgSO4·7H2O 0.2, thiamine-HCl 0.005, and ampicillin 0.1, (pH 7.20); sup-
plemented with powdered low fat and deproteinated milk whey [68% (w/w)
lactose] and corn steep liquor (CSL) [4.5% (w/w) amino nitrogen] as indi-
cated. The ionic strength (IS) of the culture broth was based on the concen-
trations of the phosphate buffer components Na2HPO4 and KH2PO4 added
[6], keeping the same ratio as in the MM. Erlenmeyer flasks (250 ml) were
inoculated with 50 ml MM containing an overnight culture of E. coli CGSC
5040(pK24) (grown in MM containing 30 g lactose/l and 20 g CSL/l) at a
concentration of 0.01 g cell dry weight/l. The flasks were set up at least in
duplicate and incubated at 37°C in an orbital shaker at 250 rpm rotational
speed for 48 h.
For the bioreactor assays, a 5.6-l BioFlo 110 fermenter (New Brunswick
Scientific, Edison, NJ, USA) was used. The fermenter was equipped with
controllers for pH, temperature, agitation, and dissolved oxygen concentra-
tion (DOC). Batch cultures were carried out in 4.2 l MM medium contain-
ing deproteinated milk whey, CSL, and phosphates at concentrations deter-
mined to be optimal (based on results of the experiments carried out in shak-
en flasks) for biomass and PHB production. Pre-sterilized (118ºC, 20 min)
culture medium was inoculated as described above. Temperature was main-
tained at 37ºC and pH was controlled at 7.20 ± 0.03 by automatic addition
of 5 N NaOH. The agitation speed automatically varied at a fixed air flow
rate to maintain the DOC at 40% of air saturation during fermentation. To
control foam formation, 30 µl antifoam/l (Antifoam289, Sigma, Saint Louis,
MO, USA)/l, was added at the beginning of the run. Samples (15 ml) for off-
line biomass and PHB determinations were withdrawn every 4 h until the
end of the fermentation (48 h).
Cell dry mass and PHB determination. Ten-ml culture samples
were centrifuged at 10,000 × g for 10 min at 4°C and cell dry weight (CDW)
was gravimetrically determined using the pellet fraction. Cell pellets were
washed twice with deionized water, lyophilized, and weighed. Cell concen-
tration was expressed as g CDW/l. PHB was extracted by alkaline treatment
with 0.2 N NaOH as described previously [5] and determined gravimetrical-
ly. PHB content is defined as the ratio 100 × (g PHB/g CDW).
Experimental designs and statistical analysis. As a first step
in the optimization of cell growth conditions and PHB production in shaken
flasks, a Plackett-Burman screening design (PBSD) [15] was used to analyze
the main medium constituents influencing CDW and PHB production. [15].
The PBSD was set up for three factors, with two coded levels (–1 and +1)
and a center point, and was run to evaluate the linear effects of milk whey
concentration (X1), which varied from 7.35 to 44.12 g/l; IS (X2), from 2 to
20 g/l phosphates; and CSL concentration (X3), from 2.23 to 35.68 g/l. The
results were fitted with a first-order model. 
A Box-Wilson central composite design (CCD) [3] with five settings for
each of the three factors levels (milk whey, CSL, and IS) was used to evalu-
ate the quadratic effects and two-way interactions among these variables.
The concentrations of other media components were kept constant as in MM
throughout this investigation. The value of α = 1.682 was selected to make
the design rotatable. In both PBSD and CCD, the variable levels Xi were
coded as xi according to Eq. 1:
where xi and Xi are the dimensionless (codified) value and the actual value
of an independent variable respectively, X0 is the real value of an independ-
ent variable at center point, and ∆Xi is the step change.
In CCD, milk whey (X1) had a lower limit of 14.71 g/l and an upper limit
of 44.12 g/l, and IS (X2) was varied between 7 and 27 g/l phosphates. The
lower and upper limits of CSL (X3) were 9.61 and 36.03 g/l, respectively.
Response surface methodology was used to analyze this experimental
design. The second-degree model used to fit the response to the independent
variables is shown in Eq. 2:
where Y is the predicted response, xixj are the input variables that influence
the response variable Y, β0 is the intercept, βi is the i th lineal coefficient, βii
is the ith quadratic coefficient, and βij is the ijth interaction coefficient.
All experimental designs were done at least three times. Statistical and
numerical analyses were carried out by means of the analysis of variance
(ANOVA) and multiple regression, using the software Essential Regression
v. 2.205, Mathematica v. 3.0, and Origin v. 6.0.
NIKEL ET AL.
Xi – X0
∆Xixi =
, i = 1, 2, 3, ..., k (1)
Y = β0 + ∑βixi + ∑∑βijxixj + ∑βiixi2 (2)
k j–1k k
i=1 j=2 i=1 i=1
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Results
Preliminary results showed that incubation temperature
(28–42°C), MgSO4·7H2O concentration (1–10 mM), trace
elements solution [12] (1–20 ml/l), and inoculum size
(0.01–10 g CDW/l) did not significantly affect cell growth
and PHB production in MM supplemented with 30 g milk
whey/l and 20 g CSL/l. However, levels of milk whey, CSL,
and yeast extract (as nitrogen and vitamin sources) as well as
increased IS, which have been reported to have an important
effect on PHB accumulation [6], were significant factors for
both CDW and PHB production (p < 0.05). As yeast extract
increased PHB production only at concentrations higher than
5 g/l, its influence on polymer accumulation was not ana-
lyzed further, since it is a high-cost substrate, not suitable for
any bioprocess aiming to reduce production costs.
Additionally, whereas initial medium pH (between 5.5 and
8.5) influenced CDW production, its effect on PHB accumu-
lation was negligible, so that pH was maintained at 7.20.
Thus, subsequent experiments focused on the influence of
whey, IS, and CSL levels in MM on response-dependent vari-
ables, as measured using a PBSD. Table 1 shows the coded
levels and actual values of those variables and the responses
measured.
The ANOVA demonstrated that the three parameters
selected were significant at p < 0.05 (for both PHB and CDW
production), and Fischer’s F test demonstrated that the model
applied was significant (details not shown). 
The equations obtained for CDW and PHB production were:
CDW (g/l) = 5.729 + 0.389 x1 + 0.437 x2 + 0.284 x3
PHB (g/l) = 1.874 + 0.277 x1 + 0.188 x2 + 0.223 x3
where x1, x2 and x3 represent the codified levels of milk whey,
IS, and CSL, respectively.
Based on these results, plots for the responses measured
as a function of two variables were constructed. Figure 1
illustrates the positive effect of whey, CSL, and IS on PHB
production.
Additionally, to investigate possible interactions among
the three variables tested on the responses under study, a two-
level fractional factorial design was carried out with the same
independent variables and the same range of variation as
used for the PBSD. The results of this design were similar to
those obtained for the PBSD with respect to the degree of
significance (p values) of the variables for CDW and PHB
production, and no significant interactions were found (data
not shown).
In a second step, the optimal levels of the three significant
variables identified in the initial screening experiments were
defined in order to obtain maximal CDW and PHB produc-
tion. Therefore, CCD was carried out to optimize the levels
of milk whey, IS, and CSL in the fermentation broth. Table 2
presents the actual and coded values of the three variables in
the experimental design, as well as the responses correspon-
ding to CDW and PHB production. Data obtained were ana-
lyzed by multiple regression (Table 3). The experimental
results of the CCD were fitted and explained with a second-
order polynomial function (Eq. 2). 
BIOMASS AND PHA PRODUCTION
Table 1. Plackett-Burman screening design and responses observed
Factor concentration (g/l) Responsea (g/l)
Trial Whey Ionic strength Corn steep liquor CDWb PHB
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
+1c
–1
–1
–1
0
0
+1
+1
0
–1
–1
0
+1
+1
–1
+1
44.12
7.35
7.35
7.35
25.74
25.74
44.12
44.12
25.74
7.35
7.35
25.74
44.12
44.12
7.35
44.12
–1
–1
+1
+1
0
0
–1
+1
0
–1
+1
0
+1
+1
–1
–1
2.00
2.00
20.00
20.00
11.00
11.00
2.00
20.00
11.00
2.00
20.00
11.00
20.00
20.00
2.00
2.00
+1
+1
+1
–1
0
0
–1
–1
0
–1
+1
0
+1
–1
–1
+1
35.68
35.68
35.68
2.23
18.96
18.96
2.23
2.23
18.96
2.23
35.68
18.96
35.68
2.23
2.23
35.68
6.01 ± 0.63
5.41 ± 0.48
5.95 ± 0.61
5.66 ± 0.58
5.79 ± 0.67
5.82 ± 0.61
5.31 ± 0.92
6.44 ± 0.88
5.66 ± 0.75
4.98 ± 0.44
5.99 ± 1.05
5.78 ± 1.26
6.57 ± 0.92
6.23 ± 0.85
3.89 ± 1.08
5.93 ± 0.57
2.14 ± 0.15
1.62 ± 0.18
2.35 ± 0.09
1.05 ± 0.26
1.99 ± 0.14
1.61 ± 0.21
1.83 ± 0.32
2.25 ± 0.18
1.85 ± 0.29
1.32 ± 0.17
2.02 ± 0.25
1.93 ± 0.18
2.54 ± 0.21
2.23 ± 0.31
1.29 ± 0.13
1.98 ± 0.02
aData represent the average ± SD of three independent experiments. bCell dry weight. cNumbers in the first column are the coded
values of the variables.
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Table 4 shows the results of ANOVA. The lack of fit of
the regression model was not significant, and Fischer’s F test
demonstrated a high significance (p < 0.05) for the regres-
sion. The goodness of fit of the model was checked by the
determination coefficient (r2). In this case, the value of the
coefficient (r2 = 0.927 for CDW production) indicated that
only 7.3% of the total variations are not explained by the
model. For PHB production, r2 was 0.957, indicating that
only 4.3% of the variations in PHB concentration are not
explained by the model. In both cases, the values of the
adjusted determination coefficient (adjusted r2 = 0.845 and
0.908 for CDW and PHB production, respectively) indicated
a high significance of the model [7]. At the same time, a rel-
atively lower value of the coefficient of variation (CV = 3.78
and 10.15 for CDW and PHB production, respectively) indicat-
ed an improved precision and reliability of the experiments
[13]. The significance of each coefficient was determined by
student’s t test and P values, listed in Table 3, as well as regres-
NIKEL ET AL.
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Fig. 1. Surface plots for poly(3-hydroxybutyrate) (PHB) production as a function of (A) milk whey and corn steep liquor (CSL) levels, and (B) milk whey and
ionic strength (IS, in phosphates concentrations) levels for the Plackett-Burman screening design. Contour plots are depicted on the bottom of the figure.
Table 2. Central composite design for media optimization and measured responses
Factor concentration (g/l) Responsea (g/l)
Trial Whey Ionic strength Corn steep liquor CDWb PHB
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
–1c
–1
–1
–1
+1
+1
+1
+1
–αd
+α
0
0
0
0
0
0
0
0
0
0
14.71
14.71
14.71
14.71
44.12
44.12
44.12
44.12
4.69
54.15
29.42
29.42
29.42
29.42
29.42
29.42
29.42
29.42
29.42
29.42
–1
–1
+1
+1
–1
–1
+1
+1
0
0
–α
+α
0
0
0
0
0
0
0
0
7.00
7.00
27.00
27.00
7.00
7.00
27.00
27.00
17.00
17.00
0.18
33.82
17.00
17.00
17.00
17.00
17.00
17.00
17.00
17.00
–1
+1
–1
+1
–1
+1
–1
+1
0
0
0
0
–α
+α
0
0
0
0
0
0
9.61
36.03
9.61
36.03
9.61
36.03
9.61
36.03
22.82
22.82
22.82
22.82
0.60
45.04
22.82
22.82
22.82
22.82
22.82
22.82
6.43 ± 0.82
6.65 ± 0.27
7.47 ± 0.71
8.01 ± 0.83
7.88 ± 0.56
8.28 ± 0.74
8.62 ± 1.04
8.71 ± 0.98
7.91 ± 0.83
8.65 ± 1.09
6.91 ± 0.35
8.28 ± 0.67
7.79 ± 0.82
8.12 ± 0.75
8.62 ± 0.73
8.85 ± 0.92
9.07 ± 1.05
8.85 ± 0.82
9.01 ± 1.01
8.53 ± 0.57
2.28 ± 0.18
2.41 ± 0.19
2.71 ± 0.28
4.15 ± 0.27
2.33 ± 0.17
3.54 ± 0.31
4.73 ± 0.99
5.49 ± 0.45
3.11 ± 0.29
4.19 ± 0.35
1.95 ± 0.20
4.46 ± 0.41
2.43 ± 0.26
4.59 ± 0.88
5.16 ± 0.81
5.79 ± 0.85
5.58 ± 0.79
4.93 ± 1.01
5.21 ± 0.83
4.98 ± 0.71
aData are the average ± SD of three independent experiments.bCell dry weight. cNumbers in the first column are the coded val-
ues of the variables. dα = 1.682
A B
247INT. MICROBIOL. Vol. 8, 2005
sion coefficients and standard errors. Judging by the regression
coefficients and t values [7], it can be concluded that both CDW
and PHB production are determined primarily by the linear and
quadratic terms of the model, and that no significant interaction
exists between any two of the three factors. This conclusion
confirms the results previously obtained in the Plackett-
Burman and fractional factorial screening designs. 
Further proof of the high significance of the model
obtained for PHB production is the plot representing predict-
ed versus experimental PHB yields (Fig. 2). Since the plot is
very close to y = x (r2 = 0.984), it can be assumed that the pre-
diction of experimental data by the model applied is highly
satisfactory. 
We then sought to gain additional insight into the opti-
mization of PHB production by E. coli CGSC 5040(pK24),
as the polymer is of biotechnological interest. Response sur-
face plots were obtained as a function of two factors at a
time, maintaining all other factors at fixed levels. PHB pro-
duction for different concentrations of the components can be
predicted from these plots (Fig. 3). The maximum predicted
production of PHB is indicated by the surface confined in the
response surface diagram.
BIOMASS AND PHA PRODUCTION
Table 3. Analysis of the optimization design for (A) CDW and (B) PHB production
Term Regression coefficient Standard error t value p value
(A) Intercept 8.851 0.152 28.127 0.0001*
x1
x2
x3
x1
2
x2
2
x3
2
x1 x2
x1 x3
x2 x3
0.449
0.429
0.133
–0.228
–0.472
–0.344
–0.155
–0.031
0.004
0.083
0.083
0.083
0.086
0.086
0.086
0.108
0.108
0.108
5.449
5.193
1.608
–2.655
–5.503
–4.014
–1.442
–0.289
0.037
0.0006*
0.0008*
0.0014*
0.0291*
0.0006*
0.0038*
0.1873§
0.7798§
0.9708§
(B) Intercept 5.357 0.197 27.254 0.0001*
x1
x2
x3
x1
2
x2
2
x3
2
x1 x2
x1 x3
x2 x3
0.466
0.787
0.525
–0.581
–0.739
–0.632
0.272
0.051
0.108
0.107
0.107
0.107
0.111
0.111
0.111
0.139
0.139
0.139
4.376
7.383
4.927
–5.244
–6.676
–5.691
1.955
0.368
0.775
0.0024*
0.0001*
0.0012*
0.0008*
0.0002*
0.0005*
0.0863§
0.7223§
0.4607§
x1 = milk whey concentration, x2 = ionic strength, x3 = corn steep liquor concentration.
*significant at p < 0.05, §not significant. 
Table 4. ANOVA of the model applied for (A) CDWa and (B) PHBb production
Source of variation DFc Sum of squares Mean square F value p value
(A) Model 9 9.427 1.047 11.265 0.0011
Residual
Lack of fit
Pure error
Total
8
5
3
17
0.744
0.633
0.111
10.171
0.093
0.127
0.037
3.434 0.1698
(B) Model 9 27.391 3.043 19.638 0.0002
Residual
Lack of fit
Pure error
Total
8
5
3
17
1.242
0.789
0.453
28.633
0.155
0.157
0.151
1.043 0.5209
a
r2 = 0.927, adjusted r2 = 0.845, coefficient of variation = 3.78%
b
r2 = 0.957, adjusted r2 = 0.908, coefficient of variation = 10.15%
cDegrees of freedom.
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The parameter combination resulting in optimal PHB accu-
mulation was obtained by numerical analysis, solving the system
of partial derivatives (∂Y/∂x1, ∂Y/∂x2, ∂Y/∂x3) for the different
independent variables. The optimal values of the test variables in
coded units were as follows: x1 = 0.581, x2 = 0.676, and x3 = 0.497.
It is important to consider that the optimal point for PHB produc-
tion was located inside the experimental region. The actual levels
obtained by substituting the respective values of xi in Eq. 1 were:
37.96 g milk whey/l , 23.76 g phosphates/l , and 29.39 g CSL/l .
Validation of the model and calculation of the regression
equation were based on 37.96 g whey/l, 23.76 g phosphates/l,
and 29.39 g CSL/l in four independent incubation experi-
ments. The predicted responses were 9.02 g CDW/l and 5.89
g PHB/l, and the actual responses were 9.41 ± 1.35 g CDW/l
and 6.12 ± 1.16 g PHB/l, corresponding to a PHB content of
65.03%. The results of the validation experiments proved the
applicability of our model. 
Based on the results from the flasks cultures, batch cul-
tures of E. coli CGSC 5040(pK24) were set up in a bioreac-
tor. The time course of the fermentation is shown in Fig. 4.
PHB production started at about 8 h of fermentation, coincid-
ing with the onset of the stationary growth phase; and then
increased linearly up to 48 h of culture. At the end of the fer-
mentation, CDW, PHB concentrations, and PHB content had
reached 47.31 g/l, 29.68 g/l, and 62.74%, respectively,
implying a volumetric productivity of 0.62 g PHB/(l·h). 
Discussion
Biomass and PHB productions were higher in the batch fer-
mentation than in the shaken flasks, resulting in a higher vol-
umetric productivity; however, similar PHB contents were
obtained. This indicated that the optimized concentrations for
milk whey, CSL, and phosphates for PHB production deter-
mined in shaken-flask cultures can be used for PHB produc-
tion in an aerated bioreactor. In order to improve CDW and
PHB productivity, we are currently running fermentations
using a fed-batch strategy to feed milk whey and thus avoid
the high concentration of acetic acid (ca. 2 g/l) found in the
batch cultures, which results in impaired growth (data not
shown).
Furthermore, the low-fat and deproteinated milk whey
resulted in variations in lactose content of about ± 1.0% for
the different batches tested, while for CSL, the variation in
amino nitrogen content was about ± 0.5% (data supplied by
the manufacturers). Thus, it seems that these agroindustrial
by-products can be efficiently used in creating an optimized
medium for PHB and CDW production.
In this study, optimal operating conditions to obtain both
high biomass and PHB production were determined experi-
mentally by using a response surface methodology. For PHB
production, the validity of the model was proved by fitting
NIKEL ET AL.
In
t. 
M
ic
ro
bi
ol
.
Fig. 2. Plot showing predicted versus experimental values for PHB produc-
tion (in g/l). The solid line depicted represents y = x.
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Fig. 3. Response surface plots showing the effect on PHB production of: (A) milk whey and ionic strength (IS, in phosphates concentrations) levels (at CSL
= 22.82 g/l), (B) milk whey and corn steep liquor (CSL) levels (at IS = 17 g/l phosphates), and (C) corn steep liquor and ionic strength levels (at milk whey
= 29.42 g/l). The corresponding contour plots are depicted at the bottom of the figure.
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the values of the variables into a model equation and by actu-
ally carrying out the experiments using the optimal concen-
trations of the three components, both in shaken flasks and in
a bioreactor. The statistical strategy as a whole proved to be
adequate for the design and optimization of this bioprocess.
Moreover, response surface methodology analysis allowed
fine-tuning of the nutritional variables in the fermentation
medium.
Additionally, we have demonstrated that environmentally
friendly PHB polymer can be produced from environmental-
ly polluting whey and a commonly used industrial nitrogen
source. The production medium developed in this work may
provide an industrially attractive solution to whey disposal
and utilization problems, allowing the economical produc-
tion of high-value biodegradable polyester at the same time.
Furthermore, the recombinant strain employed can produce
the biopolymer using two agroindustrial by-products as main
components of the culture broth, reducing the production
costs associated with substrate election, especially in coun-
tries where agroindustries have profound impact on the gross
domestic product. Additionally, the process used for PHB
extraction (alkaline digestion) is not only beneficial from an
economical point of view, but also from the point of view of
effluent treatment, because the wastes generated in this
process are easier to eliminate than those produced in tradi-
tional PHA extraction methods (e.g., treatment with chloro-
form, acetone, detergents, or hypochlorite).
Finally, our results suggest that E. coli CGSC 5040(pK24)
is a good candidate for the production of this biopolymer by
fermentation, since in medium containing cheap and local
sources of carbon and nitrogen as the main substrates, PHB
accumulation in minibioreactors, shaken flasks, and a labora-
tory-scale bioreactor reached up to 65% of the CDW.
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Fig. 4. Batch culture in a 5.6-l bioreactor of E. coli CGSC 5040(pK24)
showing CDW concentration (black squares), PHB concentration (black cir-
cles) and PHB content (white triangles). Each point represents the average
value of at least two independent fermentations. Bars represent standard
deviation.
250 INT. MICROBIOL. Vol. 8, 2005 NIKEL ET AL.
Optimización estadística de un medio para
producción de biomasa y poli(3-hidroxibu-
tirato) por una cepa recombinante de
Escherichia coli utilizando subproductos
agroindustriales
Resumen. Un diseño estadístico de selección de Plackett-Burman identifi-
có las concentraciones de suero de leche y de macerado de maíz, así como la
fuerza iónica (dada por la concentración del tampón de fosfatos), como tres
variables principales e independientes del medio de cultivo que, de forma sig-
nificativa (p < 0,05), influían en el crecimiento y la acumulación de biomasa
y poli(3-hidroxibutirato) (PHB) en células recombinantes de Escherichia
coli. Esta cepa lleva un plásmido que codifica los genes phb provenientes de
un aislado natural de Azotobacter sp. Aplicando la metodología de superficies
de respuesta, mediante un diseño central compuesto direccionable, se demos-
tró que los valores óptimos de las variables del proceso para la máxima pro-
ducción de biomasa y de PHB eran: 37,96 g/l de suero de leche desproteini-
zado en polvo, 29,39 g/l de macerado de maíz y 23,76 g/l de fosfatos (r2 =
0,957). En la validación del modelo, realizada utilizando los valores óptimos,
se obtuvieron unas concentraciones de biomasa de 9,41 g/l y de PHB de 6,12
g/l en el medio. En los ensayos en lote en biorreactor se obtuvieron conteni-
dos semejantes de PHB. Los resultados demostraron que el biopolímero
puede producirse eficazmente con esta cepa recombinante a partir de fuentes
de carbono y nitrógeno de bajo costo. [Int Microbiol 2005; 8(4):243-250]
Palabras clave: Escherichia coli recombinante · biomasa · producción
de poli(3-hidroxibutirato) · subproductos agroindustriales · optimización del
medio de cultivo
Otimização statística do meio pella
produção de biomassa e poli(3-hidroxibu-
tirato) por una linhagem recombinante de
Escherichia coli usando subproduitos
agroindustrais
Resumo. Um desenho de seleção, baseado no método estatístico Plackett-
Burman identificou as concentrações do soro de queijo e de licor de milho
bem como a força iônica (baseada em concentração do tampão fosfatos) as
principais variáveis independentes do meio de cultura com significância (p
< 0,05), os quais influíam na produção de biomassas e poli(3-hidroxi-
butirato) (PHB) em células recombinantes de Escherichia coli. Este linha-
gem leva un plasmídeo que codifica os genes phb de uma linhagem selva-
gem de Azotobacter sp. A metodologia de superficies de resposta, usando o
desenho rotável compósito central, demonstrou que os valores ótimos das
variáveis do processo para a máxima produção de biomassa e PHB foram
37,96 g/l de soro de queijo deproteinado, 23,76 g/l de fosfato (r2 = 0,957) e
29,39 g/l de licor de milho. Na validação do modelo, feita usando esses
valores ótimos, observaramse unas concentrações de biomassa de 9,41 g/l
biomassa e 6,12 g/l de concentração de PHB no caldo de cultivo. Culturos
no bioreactor mostraram resultados semelhantes. Os resultados demostraram
que o biopolímero pode ser produzido eficientemente com esta linhagem
recombinante a partir de fontes econômicas de carbono e nitrogênio. [Int
Microbiol 2005; 8(4):243-250]
Palavras chave: Escherichia coli recombinante · biomassa · produção de
poli(3-hidroxibutirato) · subproduitos agroindustrais · otimização do meio de
cultivo
